Aripiprazole is a dopamine (DA) D 2 receptor partial agonist, approved by the Food and Drug Administration (FDA) for the treatment of schizophrenia. DA receptor partial agonists have been previously assessed as potential therapeutic agents for cocaine dependence. The present experiment examined the effect of aripiprazole on methamphetamine self-administration in a rodent model of an increasing drug self-administration with prolonged session duration. Wistar rats were allowed to self-administer methamphetamine (0.05 mg/kg/injection, intravenously) in either 1-h (short access: ShA rats) or 6-h sessions (long access: LgA rats). After 15 sessions, the dose-response function of methamphetamine was determined under either a progressive-or a fixed-ratio schedule. Next, the effect of aripiprazole (0.3-10 mg/ kg, subcutaneuously (s.c.)) on the dose-response function was examined. LgA rats exhibited an increasing rate of methamphetamine selfadministration. Responding for methamphetamine by LgA rats was higher than that of ShA rats under both schedules. Pretreatment with aripiprazole shifted the dose-response function of methamphetamine to the right in both LgA and ShA rats. However, the effect of aripiprazole was greater in LgA than ShA rats. In in vitro receptor binding assay, no change in the level of D 2 DA receptors in the nucleus accumbens and the striatum was found in any group. The present data suggest increased sensitivity of the dopaminergic system to aripiprazole in LgA rats compared with ShA rats. However, mechanisms other than downregulation of D 2 DA receptors in the nucleus accumbens and the striatum may be responsible for the increased sensitivity of the dopaminergic function in LgA rats.
INTRODUCTION
Methamphetamine is an N-methyl amphetamine analog that can be easily synthesized and has high-abuse potential. A recent report by the Community Epidemiology Work Group (2004) indicated a notable increase in methamphetamine treatment admissions in Atlanta and Minneapolis/St Paul, besides San Diego and Hawaii, suggesting an eastward spread of the drug. Similarly, the National Survey on Drug Use and Health noted an increase from 27.5% (2002) to 59.3% (2004) in the number of past month methamphetamine users who met the criteria for dependence. This epidemic of methamphetamine abuse prompted the development of pharmacological interventions of methamphetamine abuse.
One of the characteristics of drug abuse by humans is an increasing amount, that is, rate of drug intake over time (American Psychiatric Association, 2000) . Previous research in our laboratory with rats found that extending session duration to 6 h engendered an increasing rate of cocaine selfadministration under a fixed-ratio (FR) schedule of reinforcement Koob, 1998, 1999) . Using similar procedures, we established a rodent model of an increasing rate of methamphetamine self-administration (Kitamura et al, 2006 ). This animal model appears to have face validity for modeling an increasing rate of drug intake by drugdependent humans. Furthermore, the finding that escalating cocaine self-administration was correlated with an increasing threshold for intracranial self-stimulation, indicative of a reduced functional state of the reward circuit (Ahmed et al, 2002) , may support the construct validity of this model (Koob and Le Moal, 1997; Sinha et al, 2000) . Thus, the investigation of neurobiological changes during an increasing rate of selfadministration in this model may help elucidate the neural mechanisms of the development of drug dependence.
Evidence supports the notion that the increased dopamine (DA) neurotransmission by psychostimulants is involved in the reinforcing effects of the drugs that contribute to their self-administration in laboratory animals and abuse in humans (see reviews Koob, 1992; Woolverton and Johnson, 1992) . With respect to drug dependence, using positron emission tomography (PET), decreased radioligand binding at the DA D 2 receptors in the caudate/ putamen was found in humans with methamphetamine and cocaine dependence implying the decreased dopaminergic neurotransmission in these drug abusers (Volkow et al, 2001a (Volkow et al, , 2004 . Similarly, decreased DA transporters and DA in the brain were noted in chronic methamphetamine abusers (Sekine et al, 2001; Volkow et al, 2001b; Wilson et al, 1996) . Therefore, the reduced dopaminergic neurotransmission during prolonged drug abuse may be associated with psychostimulant dependence manifested in an increasing rate of drug intake in humans.
In the present study, we examined the effect of aripiprazole on methamphetamine self-administration using a rodent model of an increasing rate of selfadministration. Aripiprazole is a potent DA D 2 receptor partial agonist (Semba et al, 1995; Burris et al, 2002; Shapiro et al, 2003) that was recently approved by the FDA for treatment of schizophrenia. A partial receptor agonist is a ligand that binds to the receptors like an endogenous ligand, but with intermediate efficacy (O'Brien, 1996) . Because of this intermediate efficacy, DA receptor partial agonists can act as agonists in states of low DA tone, such as in a cocaine withdrawal state (Parsons et al, 1991) , whereas they can act as antagonists in states of high-DA tone, such as in the presence of psychostimulants (Clark et al, 1991; Pulvirenti and Koob, 1994; Svensson et al, 1991) . DA receptor partial agonists have previously been hypothesized to be potential therapeutic agents for cocaine dependence (see review Pulvirenti and Koob, 1994) . Thus, we were interested in the effect of aripiprazole on methamphetamine self-administration, particularly in rats that exhibit an increased rate of methamphetamine self-administration compared with rats with a stable rate of self-administration. An increased rate of drug intake is associated with drug dependence in humans. Therefore, any difference in the effect of aripiprazole on methamphetamine self-administration between rats with an increased rate of selfadministration and those with a stable rate of selfadministration may elucidate neural adaptations underlying an increasing rate of self-administration. Additionally, changes in levels of DA D 2 receptors were evaluated to directly relate the effect of aripiprazole on methamphetamine self-administration to the D 2 dopaminergic system.
METHODS
All animal use procedures were approved by The Scripps Research Institute Animal Care and Use Committee and were in accordance with National Institutes of Health guidelines (NIH Publication no. 85-23, revised 1996) .
Animals and Apparatus
Twenty-eight male Wistar rats (Charles River, Hollister, CA), each weighing between 228 and 255 g (progressiveratio (PR) rats) and between 422 and 607 g (FR rats) at the beginning of the study, served as subjects. PR rats (n ¼ 14) were experimentally naïve at the start of the experiment. FR rats (n ¼ 14) had histories of sucrose self-administration (p.o.) under a PR schedule and self-administration of 0.1 mg/kg/injection of methamphetamine (intravenously (i.v.)) for 16 sessions under an FR schedule. The FR rats were drug free for 23 days before this experiment. They were housed in groups of three in plastic cages with a reversed 12 : 12 h light/dark cycle with lights on at 2000 h. Food and water were available ad libitum throughout the study. During experimental sessions, each rat was placed in an operant chamber, which was placed in a light-and sound-attenuating cubicle (28 Â 26 Â 20 cm; Med Associates Inc., St Albans, VT). The front door and the back wall of the chamber were made of transparent plastic, and the sidewalls were stainless steel. The chamber had two retractable response levers mounted on a sidewall and a food hopper located between the levers. A stimulus light was mounted above each lever. A drug injection was delivered by a syringe pump (Razelt Scientific Instruments, Georgia, VT) located on top of the cubicle. Experimental sessions were controlled and recorded by a PC computer with custom interface and software in the experimental room.
Self-Administration Procedure
For surgery, rats were anesthetized with 2-3% of isoflurane mixed in oxygen. They were implanted with a silastic catheter (0.3 Â 0.64 mm OD; Dow Corning Co. Midland, MI) into the right external jugular vein under aseptic conditions. The distal end of the catheter was s.c. threaded to the back of the rat where it exited the rat via a metal guide cannule (22G, Plastics One Inc., Roanoke, VA) that was anchored at the back of the rat. After surgery, rats were given analgesics (Flunixin s , 2.5 mg/kg, s.c.). Antiobiotic (Timentin s , 20 mg, i.v.; SmithKline Beecham, Philadelphia, PA) was administered to the rats at least for a week. The catheter was daily flushed with heparinized saline (30 U/ml). The patency of catheters in the rats was tested using an ultra short-acting barbiturate, Brevital s (methohexital sodium, 10 mg/ml, 2 mg/rat), whenever a catheter failure was suspected during the study. Methamphetamine maintained a stable pattern of responding within each session under the present FR condition, which made it easy to detect abnormal selfadministration behavior caused by catheter leakage or blockage in rats. Generally, a total loss of a muscle tone within 3 s after a Brevital injection indicated the patency of a catheter.
Experimental sessions were conducted once a day, 7 days a week during the dark (active) cycle. Immediately before a session, rats were transferred from the vivarium to an experimental room where the operant chambers were located. After being flushed with 0.9% saline, a rat's indwelling catheter was connected to a tube that exited the chamber through a metal spring and a swivel and was connected to a syringe pump. After the drug delivery system was connected to the rat, the chamber was closed, and the session started immediately. The start of a session was signaled by the presentation of two response levers into the chamber. Responding on the right lever resulted in the delivery of 0.1 ml of a drug injection over 4 s. During an injection, stimulus lights above both levers were illuminated and lasted throughout the time-out period (20 s) that followed each injection. Pressing the left lever was counted but had no other programmed consequences. The session ended by the withdrawal of the levers from the chamber. After the session, the catheter was filled with 0.9% saline containing heparin (30 units/ml), and the rat was returned to the home cage.
The PR group. Rats (n ¼ 14) were implanted with intravenous catheters as described above. After recovery, the rats were trained to self-administer 0.2 mg/kg/injection of methamphetamine in 1-h sessions under an FR 1 schedule. The dose of methamphetamine was reduced to 0.1 mg/kg/ injection and then 0.05 mg/kg/injection. This process took six sessions because we tried not to expose rats to a high dose of methamphetamine for long. When the rats reached the dose of 0.05 mg/kg/injection, they were allowed to selfadminister the dose of methamphetamine for six more sessions (baseline sessions). After these sessions, the rats were divided into two groups balanced by the number of injections/session during the last three baseline sessions. During the escalation period, one group of rats (LgA, n ¼ 8) was allowed to self-administer 0.05 mg/kg/injection of methamphetamine for 6 h per day under an FR 1 schedule, whereas the other group (ShA, n ¼ 6) was allowed to do so for 1 h per day. After 15 escalation sessions, the doseresponse function of methamphetamine was determined in both groups under a PR schedule. That is, various doses of methamphetamine (0, 0.05, 0.1, 0.2 mg/kg/injection) were made available in each group of rats. For the PR schedule, the response requirement began at 1 response/injection and increased according to the following equation: responses/ injection ¼ [5 Â e (injection number Â 0.2) ]À5 (Richardson and Roberts, 1996) . When a rat failed to achieve the response requirement within 1 h, the session ended. A session length under a PR schedule was always set at 12 h, and PR sessions lasted an average of 3 h across rats. Three escalation sessions (LgA, 6 h session; ShA, 1 h session under an FR 1 schedule) separated the two-test sessions under a PR schedule. Each dose of methamphetamine was tested once in each rat. Doses of methamphetamine were tested in a counterbalanced manner across rats. After the determination of a methamphetamine dose-response function, the effect of the pretreatment of aripiprazole (1-10 mg/kg) on the methamphetamine dose-response function was examined. Various combinations of doses of aripiprazole and methamphetamine were tested in a counterbalanced sequence across rats. Doses of aripiprazole were injected s.c. 1 h before a test session. The doses of aripiprazole and the pretreatment time were determined based on the literature and an abstract publication of the literature (Semba et al, 1995; Li et al, 2005; Natesan et al, 2006; Feltenstein et al, 2006) .
The FR group. The rats were briefly involved in a study on the effect of the withdrawal from methamphetamine self-administration on the reinforcing effect of a natural reinforcer, sucrose. They had been drug free for 23 days. The rats were divided into two groups based on the previous history of methamphetamine self-administration. That is, rats that previously self-administered methamphetamine in a 1-h session were assigned to a short access group (ShA, n ¼ 7), whereas rats previously tested in a 6-h session were assigned to a long access group (LgA, n ¼ 7). The rats were allowed to self-administer 0.05 mg/kg/ injection of methamphetamine in a 6-h session (LgA rats) or in a 1-h session (ShA rats) under an FR 1 schedule. After 15 sessions of an escalation period, a dose-response function of methamphetamine was determined in each group under an FR5 schedule. More specifically, various doses of methamphetamine (0.025, 0.05, and 0.1 mg/kg/ injection) were made available in a 1-h session in each group of rats, and five responses on the right lever resulted in the delivery of methamphetamine. Two escalation sessions separated the two test sessions. The reason that two sessions, instead of three as under the PR schedule, separated test sessions was that we had to finish the study before moving our laboratory to a new location. With two sessions in between, we have not observed any carry-over effect of aripiprazole on the following test session. Doses of methamphetamine were examined in a counterbalanced manner across rats. After the determination of a methamphetamine dose-response function, the effect of the pretreatment of aripiprazole on the methamphetamine dose-response function was examined. Various combinations of doses of aripiprazole and methamphetamine were tested in a counterbalanced sequence across rats. Doses of aripiprazole (0.3-1 mg/kg) were injected s.c. 1 h before a test session.
Data Analysis
The data were expressed as the mean number of injections per session as well as the mean mg/kg per session for each group of rats. The effect of session duration on methamphetamine self-administration per session as well as in the first hour of a session was examined over the first 15 escalation sessions using a two-way repeated measures analysis of variance (ANOVA; session duration Â daily session; Prism 4.0, GraphPad, San Diego, CA) with the Bonferroni post hoc test. The pattern of responding for methamphetamine was expressed as the mean number of injections per hour over 6-h sessions in LgA rats and compared between the first and the 15th escalation sessions. Differences in the rate of responding between the first and the 15th escalation sessions were evaluated using the paired t-test on self-administration at each hour after the data were transformed to log values because of unequal variance (Prism 4.0, GraphPad, San Diego, CA). The dose-response functions of methamphetamine between LgA and ShA rats under FR and PR schedules were compared using the Student's t-test on responding at each dose of methamphetamine after the data were transformed to log values because of unequal variance. The effect of pretreatment of aripiprazole on methamphetamine self-administration was compared between LgA and ShA rats at each dose of methamphetamine using two-way repeated measures ANOVA (session duration Â aripiprazole dose) with the Bonferroni post hoc test. For the data under an FR schedule, the effect of aripiprazole on the maximum self-administration of methamphetamine in the dose-response function was compared within a group of LgA or ShA rats using one-way repeated measures ANOVA (Prism 4.0, GraphPad, San Diego, CA). To calculate A 50 doses of aripiprazole (a dose that inhibited 50% of the maximum rate of responding after the vehicle pretreatment) for 0.025 and 0.05 mg/kg/injection of methamphetamine, respectively, under an FR and PR schedule, the group mean number of injections of methamphetamine at each dose of aripiprazole was normalized as percent of the mean number of injections after the vehicle treatment. Using linear regression over the normalized data, we calculated an A 50 dose of aripiprazole in each group. We calculated the A 50 dose of aripiprazole from the group mean number of injections instead of in each rat because aripiprazole did not reduce responding at all in one ShA rat of the PR group and two ShA rats of the FR group, which is an important observation. However, a significant difference between the A 50 doses of aripiprazole between LgA and ShA groups was assessed using Mann-Whitney Rank-Sum test after we ranked A 50 doses of individual rats across groups and ranked the ShA rats without any aripiprazole effect as the highest (Prism 4.0, GraphPad, San Diego, CA).
In Vitro D 2 DA Receptor Binding Procedure One day after the last self-administration session, all the rats were killed by decapitation. The striatum and the nucleus accumbens were collected and were immediately frozen at À801C until assay.
The binding method was described previously (Weed et al, 1998) . Briefly, frozen tissue was thawed and homogenized in 100 volume (100 ml/g tissue) of 50 mM potassium phosphate buffer (pH 7.4). The tissue was then centrifuged at 25 000 g at 41C for 10 min. The resulting pellet was resuspended in 100 volume of the potassium phosphate buffer and centrifuged. The pellet was collected and suspended in the buffer at tissue concentration of 2.0 mg/ml. The tissue (1 mg/assay) was added to each assay containing various concentrations (0.01-1.25 nM) of [ 3 H]spiperone (15 Ci/mmol), 0.1 mM of mianserin to block 5-HT 2 receptors. The potassium phosphate buffer was added to arrive at a final volume of 2 ml. The assays were incubated at 371C for 60 min. Nonspecific binding was determined in the presence of 100 mM unlabeled s-butaclamol in assays. Binding reactions were terminated by rapid vacuum filtration through Whatman GF/C filters using a 24-well Brandel cell harvester (Brandel Co., Gaithersburg, MD, USA) with an ice-cold 50 mM potassium phosphate buffer. The collected tissues on the filters were deposited into Packard Top Count deep well plates and left to dry overnight. Five hundred microliters of Microscint-20 cocktail (Packard Instruments, Downers Grove, IL) was added to each well and the plate was allowed to stand for 4 h. Radioactivity was counted using a Packard Top Count scintillation counter. Protein levels in tissue homogenate samples were determined using the bicinchoninic acid protein assay method (Smith et al, 1985) . Absorbance (at 560 nM) was measured on a Beckman spectrophotometer (Beckman, Palo Alto, CA).
The data were analyzed using an iterative curve fitting (Prism4, Graphpad, San Diego, CA). Maximum radioligand binding (B max ) and affinity of a radioligand (K d ) in tissue samples were calculated.
Drugs
For self-administration, d-methamphetamine hydrochloride was provided by the National Institute on Drug Abuse (Rockville, MD). Aripiprazole was purchased from Toronto Research Chemicals Inc. (Ontario, Canada). Methamphetamine was dissolved in sterile 0.9% saline for self-administration. Aripiprazole was dissolved in 30% dimethylforamide in sterile water that was acidified with glacial acetic acid (2%). All drug solutions were prepared for each rat based on its body weight and were updated every 2 or 3 days. Doses of methamphetamine were expressed as salt whereas aripiprazole was expressed as base. For in vitro D 2 DA receptor binding, mianserin, and s-butaclamol were purchased from Research Biochemical International (Natick, MA).
[ 3 H]Spiperone was purchased from Perkin Elmer Life Sciences (Boston, MA). All drug solutions were freshly prepared for each experiment.
RESULTS

Self-Administration by the PR Group
In LgA rats, the self-administration of 0.05 mg/kg/injection of methamphetamine per session (Figure 1a , solid symbols) as well as during the first hour of a session (Figure 1b , solid symbols) significantly increased over 15 days in 6-h sessions, compared with that in the first escalation session, starting in sessions 7 and 9, respectively. Self-administration of methamphetamine at this level by LgA rats was maintained over the course of the study. This effect was not seen in ShA rats responding in 1-h sessions. Although selfadministration of methamphetamine by ShA rats remained stable during the 15 days of the escalation period, it showed a tendency to increase over the course of the study.
When the dose-response function of methamphetamine was determined under a PR schedule, methamphetamine maintained higher responding, that is, breakpoint, in the LgA than ShA rats (po0.05, Figure 2, top) . The pretreatment of aripiprazole decreased responding for 0.05 mg/kg/injection of methamphetamine in ShA rats without affecting responding for 0.2 mg/kg/injection of methamphetamine (Figure 2, middle) . In LgA rats, aripiprazole decreased responding for both 0.05 and 0.2 mg/kg/injection of methamphetamine, shifting the dose-response function of methamphetamine to the right and downward (Figure 2, bottom) . Furthermore, aripiprazole significantly reduced the maximum responding of methamphetamine in the LgA rats to a level similar to that of the ShA rats (Figure 2, bottom) . The mean A 50 dose of aripiprazole at 0.05 mg/kg/injection of methamphetamine were 4.72 and 8.37 mg/kg, respectively, in LgA and ShA rats, and the A 50 dose of aripiprazole in LgA rats was significantly smaller than that of the ShA rats (MannWhitney U ¼ 7.0, po0.05). Aripiprazole also significantly decreased responding for saline in both groups of rats at all doses (Figure 2 ).
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Self-Administration by the FR Group
In this group of rats, the self-administration of 0.05 mg/kg/ injection of methamphetamine by LgA rats increased starting in session 5 with a 6-h session duration (Figure 1c) . The self-administration of methamphetamine in the first hour of a session by LgA rats also significantly increased starting in session 9 (Figure 1d) . The ShA rats also demonstrated a significant increase in the rate of selfadministration starting in session 8 (Figure 1d ). However, two-way ANOVA found a significant interaction between session duration and daily session on escalation in the rate of self-administration between ShA and LgA rats in the first hour (F(14, 168) ¼ 2.12, po0.05). Moreover, there was a nearly significant effect of session duration on escalation in the rate of self-administration (F (1, 168) ¼ 4.36, p ¼ 0.058). The increased level of self-administration during the escalation period was maintained in both LgA and ShA rats throughout the remainder of the study.
When responding for three doses of methamphetamine (0.025, 0.05, and 0.1 mg/kg/injection) was determined under an FR5 schedule, only the descending limb of the doseresponse function of methamphetamine was observed in both LgA and ShA rats (Figure 3 ). Responding for methamphetamine was higher in LgA than ShA rats at all doses tested (po0.05, Figure 3 , top). In both ShA and LgA rats, the pretreatment with doses of aripiprazole (0, 0.3, 1 mg/kg) dose-dependently decreased responding for 0.025 mg/kg/injection of methamphetamine, whereas it increased responding for 0.1 mg/kg/injection of methamphetamine. In addition, aripiprazole dose-dependently reduced the maximum self-administration of methamphetamine in the dose-response function in both ShA and LgA rats (ShA, 33.575.0 to 20.471.3 injections/session, po0.05; LgA, 48.374.1 to 25.871.8 injections/session, po0.01). The mean A 50 doses of aripiprazole at 0.025 mg/kg/injection of methamphetamine were 0.62 and 1.02 mg/kg, respectively, in LgA and ShA rats, but with no significant difference between the groups (Mann-Whitney U ¼ 15.0, p40.1).
In Vitro D 2 DA Receptor Binding at the Striatum and the Nucleus Accumbens
The binding of [ 3 H]spiperone in the nucleus accumbens and in the striatum fitted a one-site binding model (data not shown). The brain tissues of drug naïve rats that were littermates of FR rats served as control. The B max in all the groups was similar (Table 1; p40.5). Likewise, the K d at D 2 DA receptors did not differ across groups (p40.4).
DISCUSSION
Under the present conditions, methamphetamine functioned as a positive reinforcer in all rats consistent with its abuse potential in humans. When the session duration was extended to 6 h, the increased rate of self-administration of methamphetamine in LgA rats was observed compared with that in ShA rats with 1-h session duration. The increased rate of self-administration of cocaine, heroin, and methamphetamine was previously demonstrated in rats with prolonged session duration (Ahmed and Koob, 1998; Ahmed et al, 2000; Kitamura et al, 2006) . In human abusers, it was noted that the rate of drug intake increased during the development of drug dependence (American Psychiatric Association, 2000) . In this regard, this animal model with extended session duration may mimic drugtaking behavior by drug-dependent humans.
ShA rats of the FR group also showed an increase in the rate of self-administration. The exact reasons are not clear. However, the experimental history of the rats may explain this observation. Several studies have shown that preexposure to either drugs or different schedules of reinforcement influenced cocaine self-administration (Panlilio et al, 2006; Morgan et al, 2002) . The rats of the present FR group had previously been trained to respond for sucrose under a PR schedule where response requirement per reinforcement exponentially increased within a session. Moreover, the rats were exposed to self-administration of 0.1 mg/kg/injection of methamphetamine for 16 sessions. Thus, pre-exposure to a PR schedule and to a higher dose of methamphetamine (0.1 mg/kg/injection) than the baseline dose (0.05 mg/kg/ injection) in the present study may have contributed to an increase in the rate of self-administration in ShA rats of the FR group, an effect producing a mild escalation-like action.
In agreement with earlier reports with cocaine (Ahmed and Koob, 1998; Paterson and Markou, 2003) , doses of methamphetamine maintained higher responding in LgA Partial dopamine D2 receptor agonist S Wee et al than ShA rats under the present PR and FR schedules. This upward shift of the dose-response function of psychostimulants was previously suggested to indicate the development of a form of tolerance termed 'reward allostasis' (Ahmed and Koob, 2005) . Although tolerance to a given effect of a drug is generally characterized by a rightward shift of the dose-response function of the drug , not all tolerance is a competitive interaction (Colpaert, 1996) . The upward shift of the dose-response function of cocaine may also reflect tolerance to a ratedecreasing effect of cocaine in LgA rats (Zernig et al, 2004) . Several arguments have been raised in defense of both positions, and a parsimonious explanation is that both mechanisms play a role (Ahmed and Koob, 2004b) .
The present data under PR and FR schedules suggest that pretreatment with aripiprazole, a DA D 2 receptor partial agonist, shifted the dose-response function of methamphetamine to the right in both LgA and ShA rats. Additionally, the effects of aripiprazole were significantly greater in LgA than in ShA rats under the PR schedule. A rightward shift of dose-response functions of psychostimulants has been previously found with pretreatment of DA receptor antagonists (Depoortere et al, 1993; Bergman et al, 1990 ). As discussed above, a DA receptor partial agonist acts as an agonist under conditions of a low DA tone, whereas it acts as an antagonist under conditions of a high tone of DA (Clark et al, 1991; Pulvirenti and Koob, 1994; Svensson et al, 1991) . Thus, in the presence of methamphetamine, a potent DA releaser, aripiprazole was likely to act as a DA receptor antagonist, which is in agreement with the present results.
One concern may be that the doses of aripiprazole (3 and 10 mg/kg) used under the PR schedule produced a ratedecreasing effect on operant responding. As mentioned above, aripiprazole appears to have a similar profile to DA D2 receptor antagonists in producing surmountable antagonism, that is, downward and rightward shifts in stimulant self-administration that are partly associated with direct rate-decreasing effects of the drug. Under the present PR schedule, there was decreased responding for saline in rats after the pretreatment of aripiprazole (1-10 mg/kg). Similarly, a modest rate-decreasing effect of aripiprazole (2.5-5 mg/kg) was observed on operant responding and locomotor activity in rats (Marona-Lewicka and Nichols, 2004; Schwabe and Koch, 2006; Feltenstein et al, 2006) although behavior-disrupting effect of aripiprazole appeared to depend on which kind of behaviors was analyzed (Li et al, 2005) . Therefore, it is possible that a rate-decreasing effect of aripiprazole is associated with the data under a PR schedule. However, in the present study, aripiprazole did not decrease responding for 0.2 mg/kg/injection of methamphetamine in ShA rats under the PR schedule suggesting that the effect of aripiprazole in LgA rats did result not simply from a nonspecific rate-decreasing effect, but also from a specific effect of aripiprazole on methamphetamine self-administration.
A similar argument can be made regarding the dose of 1 mg/kg of arpiprazole. About 1 mg/kg of aripiprazole significantly decreased responding for 0.05 mg/kg/injection of methamphetamine in the LgA rats under the PR schedule. However, the same dose of aripiprazole significantly increased responding for 0.1 mg/kg/injection of methamphetamine in the FR group of rats suggesting that 1 mg/kg of aripiprazole exerted a specific effect on the reinforcing effect of methamphetamine. Consequently, although doses of aripiprazole may have some rate-decreasing effect on responding, the results still suggest that methamphetamine self-administration was more sensitive to aripiprazole pretreatment in LgA rats than in ShA rats and that this differential effect of aripiprazole on methamphetamine self-administration resulted from a specific interaction between aripiprazole and the reinforcing effect of methamphetamine.
Previously, PET studies showed decreased radioligand binding at DA D 2 receptors in stimulant-, alcohol-and heroin-dependent humans, which has been interpreted as a constitutive decrease in the DA system function (Volkow et al, 2001a (Volkow et al, , 2004 . Therefore, we hypothesized that the adaptation in dopaminergic function may be related to an increased rate of methamphetamine self-administration and, perhaps, the increased reinforcing effect of methamphetamine in LgA rats with prolonged session duration. In the present study, the effect of aripiprazole on responding was greater in LgA rats than in ShA rats under a PR schedule. This suggests that the dopaminergic system in LgA rats was more sensitive to the antagonizing action of aripiprazole than in ShA rats providing support for our hypothesis. The present results were consistent with those found with cocaine in that rats with extended access to cocaine exhibited increased sensitivity to pretreatment with cis-flupenthixol, a D 1 /D 2 DA receptor antagonist, in cocaine self-administration (Ahmed and Koob, 2004a) . Data represent mean7SEM. The data are from two (nucleus accumbens) or three (striatum) experiments, each experiment performed in duplicate. Because of the small amount of nucleus accumbens tissue in each rat, one experiment was performed using the tissues pooled from three to four animals.
Previously, in our laboratory, no changes in DA transporter function and the level of DA release by cocaine were found in the nucleus accumbens of LgA rats compared with ShA rats (Ahmed et al, 2003) . In humans, the decreased level of D 2 receptors in the caudate/putamen was found with methamphetamine and cocaine dependence using PET (Volkow et al, 2001a (Volkow et al, , 2004 . Accordingly, we speculated that the decreased level of D 2 receptors in LgA rats may underlie the escalation of self-administration with extended access to methamphetamine. In the present study, however, neither the affinity nor the number of the D 2 receptors was changed in the nucleus accumbens and the striatum of all rats compared with drug-naïve rats. The reasons for the discrepancy between the behavioral effect of aripiprazole and no change in D 2 receptors in the nucleus accumbens and the striatum in LgA rats are speculative at this point. However, the dopaminergic system in other brain areas may be involved in the decreased dopaminergic function in LgA rats with prolonged access to methamphetamine. In fact, Stefanski et al (1999) have shown that daily 1.4-2 mg/kg of methamphetamine self-administration for 5 weeks produced a reduced level of D 2 receptor binding in the substantia nigracompacta and the ventral tegmental area, whereas no change was observed in the nucleus accumbens and the caudate. Alternatively, there may be changes in transduction and intracellular signaling that mediate the increased sensitivity to aripiprazole. But, clearly, further research is needed.
One may speculate that no experience of operant responding in drug-naïve rats could affect D 2 receptor binding compared with the ShA and LgA rats. Neural responses to psychostimulants may vary depending on a pattern of drug administration even between passive and self-administration of methamphetamine (Stefanski et al, 1999) . Nonetheless, the lack of differences across the three groups of rats (naïve, ShA, LgA) in the present results appears to rule out this concern. Moreover, Ben-Shahar et al (2005, 2006) did not find differences in the level of DA transporters and c-fos level in various brain areas between 'saline self-administered' rats and cocaine selfadministered LgA rats. The report that the DAT binding and DA level did not differ between naïve rats and rats with passive administration of gradually increasing doses of methamphetamine also supports our results (Segal et al, 2003) .
In addition to its action at DA D 2 receptors, aripiprazole has high affinity at 5-HT 1A and 5-HT 2A receptors (Burris et al, 2002; Shapiro et al, 2003; Marona-Lewicka and Nichols, 2004) . Therefore, it is possible that aripiprazole influenced methamphetamine self-administration via an interaction with 5-HT 1A and 5-HT 2A receptors. However, Natesan et al (2006) demonstrated that doses up to 10 mg/ kg of aripiprazole occupied less than 10% of 5-HT 2 receptors in vivo in contrast to over 80% of the occupancy at DA D 2 receptors in rats. This finding appears to minimize the role of 5-HT 2A receptors in the action of aripiprazole in the present study. With respect to 5-HT 1A receptors, aripiprazole was reported to be a partial or full agonist at the receptor (Bardin et al, 2006; Bruins Slot et al, 2006) . Methamphetamine is also a weak 5-HT releaser suggesting that aripiprazole may have acted as an agonist at 5-HT 1A receptors. To date, there is no clear evidence on the relationship between 5-HT 1A receptors and psychostimulant self-administration. However, 8-OH DPAT, a 5-HT 1A receptor agonist, was shown to increase responding for a low dose of cocaine in monkeys (Czoty et al, 2005) . In the present study, aripiprazole decreased cocaine self-administration, an action not consistent with an agonist action at 5-HT 1A receptors.
Another notable effect of aripiprazole on methamphetamine self-administration was a reduction in the maximum responding for methamphetamine in LgA rats under both PR and FR schedules, which was not apparent in ShA rats. Specifically, the break point for methamphetamine in LgA rats under a PR schedule was decreased to a level similar to that of ShA rats. This suggests that pretreatment with aripiprazole stabilized the increased self-administration in LgA rats to the level before escalation. Previously, it was shown that cis-flupenthixol, a DA receptor antagonist, completely reduced responding for cocaine in both LgA and ShA rats under an FR schedule (Ahmed and Koob, 2004a) . In contrast, quinpirole, a full D 2 receptor agonist, failed to alter the break point for amphetamine in rats under a PR schedule (Izzo et al, 2001) . These data together support the hypothesis that a DA receptor partial agonist may stabilize dopaminergic neurotransmission in contrast to a direct agonist or antagonist.
Similar results were reported in humans in that 20 mg of aripiprazole decreased the subjective effects and the discriminative-stimulus effect of amphetamine (15 mg, p.o.; Lile et al, 2005) . At this point, there is a paucity of data comparing aripirazole with other partial DA receptor agonists in relation to psychostimulant self-administration. However, the fact that, unlike BP 897 (a partial D 3 receptor agonist, Garcia-Ladona and Cox, 2003), aripiprazole did not produce catalepsy in rats despite over 80% of D 2 receptor occupancy (Natesan et al, 2006) , and that aripiprazole is available in the market as an antipsychotic may make aripiprazole useful as proof of principle for the concept of partial agonists in the treatment of psychostimulant dependence.
Collectively, the data suggest that increased sensitivity to aripiprazole in LgA rats, compared with ShA rats, was related to escalation in the rate of methamphetamine self-administration with prolonged session duration. However, mechanisms other than downregulation of D 2 receptors in the nucleus accumbens and the striatum may be responsible for the increased sensitivity to aripiprazole in LgA rats.
